Abstract-Vehicular communications have been an incentive for driver safety and ultimately autonomous smart vehicles. These vehicular networks have strict requirements with transmission frequency, range, and delay. From previous contributions, Long Term Evolution (LTE) has been found to meet the requirements for vehicular networks. Extensive realistic system level simulations, including multipath and multi cell environments, have been carried out to evaluate the performance of LTE networks for vehicular communications. This paper improves upon previously contributed simulations by introducing Safety Application Identifier along with an algorithm that implements differentiated Quality of Service (QoS) for different safety applications that are handled by the vehicular server located within the LTE core network. Results show that the probability of end-to-end delay below 100 ms increases by 20%, downlink goodput of the system improves reducing the amount of vehicular application traffic, and eventually the number of downlink flows is reduced by 60%; improving network capacity. Moreover, with the implementation of the proposed algorithm, high QoS can be achieved for vehicular safety applications in terms of delay and packet delivery.
I. INTRODUCTION
Intelligent transportation systems (ITS) requiring wireless communications have set forth a demand for a cooperative network with some stringent requirements. To support these requirements vehicular ad hoc networks (VANETs) have proved themselves to be promising. Vehicles equipped with sensors and communication devices form VANETs, which have attracted operators and service providers in provisioning driver safety, traffic efficiency and infotainment. Two forms of communications are classified in VANETs, vehicle to vehicle (V2V) and vehicle to infrastructure (V2I). IEEE Standard 802.11p has been formulated with some amendments in Wi-Fi standard to support these communications. However, in order to provide V2I communications, an entirely new infrastructure is required. Considering this economical issue, a number of studies have proposed the use of already installed cellular infrastructure [1] , [2] .
In terms of increasing traffic and demanding Quality of Service (QoS), cellular networks are ubiquitous. With the swift roll out of evolved universal mobile telecommunications service terrestrial radio access networks (E-UTRAN, commercially referred as Long Term Evolution (LTE)), network operators and service providers have achieved high data rates and lower latencies. Previous performance evaluations have suggested that the use of LTE for vehicular communications is suitable, but without any centralization, it can put enormous load on the network [3] . In the pursuit of centralizing vehicular communications on LTE, group formation and multicast/broadcast management system (MBMS) implementation have been proposed in [3] and [4] . Group formation or clustering has shown promising performance. However, clustering relies on relaying transmissions which can pose a privacy and security issue [5] . On the other hand, MBMS functionality, though being the part of 3GPP specifications, is not widely implemented by operators [6] , [7] .
VANET applications can be classified into three categories; safety application, transport efficiency and entertainment/information [8] . Transport efficiency includes traffic light optimal speed advisory, to assist the driver to drive by during the green phase, and safety application would include cooperative forward collision warning, to avoid rear-end collisions. The focus of this paper is on the safety applications.
Kato et al. [9] defined the concept of data freshness and the authors used this parameter to evaluate the performance of LTE networks with VANETs. If a vehicle application transmits a packet at a frequency of 10 Hz, that is a message is transmitted every 100 ms, the freshness requirement for that specific application would be 100 ms. They observed that it is possible to achieve a freshness of 100 ms using LTE. Authors also evaluated the impact of vehicular application server's location in the LTE network. In this paper, we utilize the server to forward the safety messages to the vehicles.
Similarly, LTE performance with VANETs has been investigated in [10] , [11] and [12] , concluding that LTE has higher latencies than dedicated short range communications (DSRC). Nonetheless LTE demonstrates acceptable requirements in terms of latency and successful delivery for vehicular networks. In terms of the performance evaluations and system level simulations, researchers have simulated various transmission parameters (beacon frequency and transmission range) individually without employing urban vehicular fading models, lacking the authenticity of real world scenarios in their models [11] , [12] . System level simulations carried out in this paper employ a multicell urban vehicular radio environment, including multipath fading models along with scenarios using different transmission parameters simultaneously unlike [11] and [12] .
Moreover, when an user equipment (UE) engages in multiple applications, the LTE network in order to cater all the requirements, associates each application flow with a bearer. These bearers are set up within the evolved packet system (EPS), associated with a QoS in order to support their multiple requirements [13, Ch. 2] . This stringent implementation of QoS in LTE networks makes the system robust and reliable. Similar concept of parameter association is introduced and implemented. Our paper also employs the concept of awareness range, previously elaborated in [14] and [15] , as the geographical area around the vehicle where all the neighbors are to be made cognizant of the vehicle.
The previous works discussed along with the understanding of the gaps in terms of simulation models and the vitality of a differentiated QoS requirement motivate the work presented in this paper. Main contributions of this paper are summarized as followed:
• Safety Application Identifier (SAI) mechanism that categorizes the different vehicular applications based on their transmission requirements (beacon frequency and awareness range).
• SAI Algorithm implementation with system level simulations on the server located within Core Network (CN) ensuring efficient packet dissemination within the vehicular network in a multicell urban vehicular radio environment employing multipath fading channels.
Based on these contributions, we analyse the LTE system performance for VANETs utilizing SAI algorithm with the help of ns-3. The remainder of this paper is organized as follows: Section II describes the SAI concept, and Section III elaborates on the system model followed by simulation results in Section IV. Conclusions and future work are then discussed within Section V.
II. SAFETY APPLICATION IDENTIFIER CONCEPT
A survey was carried out to compile a set of vehicular safety applications. European standards include some of the important set of applications [16] . Moreover, from various sources [17] - [20] , an extensive list of safety applications has been formulated and shown in Table I . Message delivery and reliability is a major concern in vehicular networks, due to which a differentiated QoS mechanism is proposed. This mechanism works on the principle of indexing various applications according to their requirements, motivated from QoS class identifier (QCI) implemented in LTE networks [21] . In Table I , each application is categorized and assigned an SAI. This SAI, which is a number ranging between 1-9, is included in the transmitted packet appended before the IP header by the application layer as shown in Fig. 1 . The categorization and assignment of SAI for our model is further discussed in Section III. This concept is implemented in the form of an algorithm proposed in the following subsection.
A. SAI Algorithm
With the concept of safety application indexing, we propose an algorithm that does not include the use of group formation or IEEE 802.11p. The proposed algorithm is a process that is carried out on the VSA server located in the LTE CN. When the vehicles start transmissions, the packet is carried from the eNodeB to the VSA server via the CN. This packet contains vehicles' location and corresponding payload. As soon as the server starts receiving these messages, it locates all the vehicles being served by the network, forming a virtual geographical map of the served area. The VSA server, while receiving the packets, will also extract the SAI information from the received packet. This SAI information will then be checked against the database stored in the server (Table I) . With this SAI, the server retrieves the transmission beacon frequency BF i and awareness range R i requirement of the Algorithm 1 SAI Algorithm Input: VSMs : V ehicles −→ Server Output: VSMs : Server −→ V ehicles System Setup :
Server locates all vehicles 3:
6:
Server ⇒ V ehicles ∈ F i at BF i 8: end while 9: return F i application that vehicle i is utilizing. Using the required awareness range, the server determines the forwarding set of vehicles (neighboring vehicles) by:
where d ik is the distance from vehicle i to the neighboring vehicle k. Recalling the concept of data freshness, the VSA server will discard the packet if it arrives later than the beacon inter arrival time (1/BF i ).
B. Dynamic Adaptive Awareness Range
In our previous work [14] , we proposed adaptive awareness range for VANETs over LTE networks. It was observed that with range up to 500 m for 2 Hz, 250 m for 4 Hz and 10 Hz Table 5 .5-1]. We refer to vehicles as LTE user equipments (UEs). These UEs are assumed to be moving in a Manhattan grid model created using BonnMotion [22] . Fig. 3 illustrates the service area modeled in ns-3 [23] , composed of 5x5 blocks of 400 m each with two way roads. Vehicles move at an average speed matched to the 3GPP extended vehicular A (EVA) model radio environment designed using MATLAB [24] . Simulation parameters used are given in Table II .
Furthermore, we assume that the safety application sends periodic UDP packets to the SAI server (uplink). The eNodeBs (eNBs) are connected to the mobility management entity (MME) through their S1-AP interface and to the serving gateway (S-GW) and packet data network gateway (P-GW) through their S1-U interfaces. Interconnection from the P-GW to the VSA server is modeled using an error free 10 Gbps point-to-point link and TCP/IP version 4. The packet payload is assumed to be 256 bytes including user's location, SAI and the safety message.
The LTE functionality is implemented through the LTE EPC Network SimulAtor (LENA) module that includes highly detailed eNB and UE functionalities following 3GPP standards. To manage handover and Internet connections, eNBs are interconnected through their X2 interfaces and connected to the evolved packet core (EPC). Positioning of the server will have a significant impact on the vehicular network performance. Kato et al. [9] analytically evidenced that if the server is placed close to the eNodeB or even at the EPC, it will have a considerable influence on the practical feasibility of the system. For our simulation model, we assume the VSA server is positioned in the EPC, keeping the link between P-GW and VSA server an error free 10 Gbps point-to-point link.
Archer in [25] carried out a survey on traffic safety problems in urban areas. It was concluded that overtaking tends to occur less frequently within urban areas where the speed limit is less than 50 km/h. Lane changing on the other hand occurs quite frequently within urban areas however due to low speed limits, does not tend to pose any serious traffic safety problems. The number of rear-end accidents is greater within urban areas than in rural areas and similarly, due to higher level of congestion and higher number of traffic junctions, there is a greater number of opportunities for turning and crossing accidents within urban area. According to another survey of 4500 crashes by the Insurance Institute of Highway Safety [26] , 13% of accidents are during lane change maneuvers, 12% are intersection collisions, 22% are due to traffic light violation, 9% are head on collisions, 18% include left turning crashes, 12% are due to emergency vehicles parked on blind turns and 14% are due to over speeding. In the light of these statistics, for our urban environment, the SAIs we utilize in our simulations are 1 (25%), 3 (22%), 5 (9%), 6 (18%), 7 (12%) and 9 (14%).
A. Performance Measures
We compare our results with the network which does not implement the SAI algorithm. The primary performance measures used are the end-to-end delay, the downlink goodput and the number of downlink flows. In addition, we use the notation |F i | to represent the average number of neighbors, calculated over all broadcasted beacons. The end-to-end delay of a beacon (D ik ) is defined as the time measured from the start of its transmission at vehicle i's application layer until its successful reception at vehicle k's application layer. Furthermore, the goodput is defined as the number of information bits received at the application layer per unit of time.
IV. SIMULATION RESULTS
Reliability and robustness of vehicular networks are function of the requirements set by the standards. In order to achieve an acceptable vehicular network, parameters such as delay and packet delivery are to be satisfied. As mentioned earlier, LTE systems do not cater high beacon frequencies and larger awareness ranges to meet these stringent requirements. Moreover, there is still a need to make the system more robust and efficient by utilizing the resources intelligently. In a capacity limited cellular network, congestion and waste of resources can lead to a network that does not accommodate VANETs effectively. Therefore, we test 100 and 150 vehicles in an area of 2 km by 2 km with 4 eNBs having 3 sectors per site as shown in Fig. 3 .
We first validate our proposed system by comparing our achieved end-to-end delay with a scenario that does not employ SAI algorithm. Fig. 4 shows the cumulative distribution function (CDF) of the end-to-end delay for 100 and 150 vehicles at an average speed of 60 km/h with and without the implementation of SAI algorithm. The scenario being compared has the awareness range set to 500 m and beacon frequency to 10 Hz. We observe a significant decrease in the end-to-end delay post SAI algorithm implementation. Probability for the end-to-end delay to be less than 100 ms is above 80% in both scenarios whereas without the algorithm, this probability is below 70% for 100 vehicles (Fig. 4(a) ) and below 60% for 150 vehicles (Fig. 4(b) ). The variation in this delay between various SAIs is because of the difference in transmission parameters. Larger awareness range leading to higher number of neighbors |F i | and higher beacon frequency results in more congestion and large queuing times. The reason for better delay values for SAI algorithm is mainly the result from complying with the required transmission parameters as mentioned in Table I . This probability of successful packet arrival within the required latency is not specified in the standards. However for VANETs, it is generally low ranging between 60% to 80% [27] . Comparing with the scenarios without SAI implementation, the effect of multipath EVA fading model can be observed, since the average delay value with LTE systems was found to be above 80 ms for 100 vehicles and above 100 ms for 150 vehicles in [11] . Nonetheless, it can be concluded that with the implementation of SAI algorithm, the probability of end-to-end delay less than 100 ms is above 90% for 100 vehicles and above 85% for 150 vehicles as shown in Fig. 4(a) and 4(b) respectively. Fig. 5 shows the aggregate downlink goodput for the same scenario investigated for end-to-end delay. After the implementation of SAI algorithm, the downlink goodput for 100 vehicles dropped from 7.46 Mbps to 6.22 Mbps and for 150 vehicles it dropped from 21.67 Mbps to 13.76 Mbps. This significant decrease in the downlink direction is again due to the restriction of unnecessary data dissemination from the VSA server to vehicles. Eventually, this decrease of goodput results in lower traffic and ultimately less load on the LTE system. The increase in the downlink goodput for the scenario without SAI, explains the high end-to-end delay observed in Fig. 4 , showing a burst of packet in the downlink leading to waiting time in the queue.
Cellular networks have a number of applications running simultaneously. Users are trying to access and reserve resources at various times. Running vehicular communications with these capacity limited networks can degrade the QoS of the system leading to unacceptable performance. As mentioned in Section I, number of previous works have contributed in reducing the downlink traffic for vehicular networks in order to utilize the resources more efficiently. In order to test our system's efficiency, we investigate the number of downlink flows generated from the VSA server to the vehicles via EPC and eNBs over a period of 100 s in Fig. 6 . We observe that there is a significant decrease in the number of flows in the downlink direction. Urban scenario that does not employ SAI, is transmitting packets at a beacon frequency of 10 Hz in an awareness range of 500 m. For the scenarios shown on the xaxis of Fig. 6 , the number of flows decreases by 63%, 64%, 58% and 60% respectively. This low number of flows is due to the system adapting to various vehicular applications utilizing the required transmission parameters using our proposed SAI algorithm. V. CONCLUSION AND FUTURE WORK This paper proposes the safety application identifier concept and an algorithm that dynamically adapts to vehicular safety application transmission requirements at the VSA server within the EPC. LTE vehicular networks where MBMS functionality, D2D, and clustering are not available, our algorithm proves to be promising in obtaining better performance. Simulations are carried out in a multicell vehicular urban radio environment employing multipath fading models. Results obtained from our simulations show that dynamic adaptation of transmission parameters for various safety applications can significantly improve the operation of the system. After implementing the proposed algorithm, probability of experiencing an end-to-end delay of less than 100 ms increases by around 20%, downlink goodput decreases significantly from 21.67 Mbps to 13.76 Mbps for 150 vehicles, and the number of downlink flows decreases by about 60%. Hence, it can be concluded that by dynamic adaptation, even in a harsh environment employing multipath fading, load on the system caused by vehicular application can be decreased by reducing the traffic load on the cellular network. In the future, we plan to expand our algorithm to various other aspects of vehicular networks like traffic efficiency and infotainment focusing on PHY layers, with the inclusion of background traffic. Further work will also explore the possibility of including this SAI in the MAC PDU control elements instead of the application layer, bringing the processing to the user edge of the network.
